The corrosion resistance of the nickel-free high nitrogen austenitic stainless steel without manganese, Fe-23Cr-2Mo-1.5N (mass%) (HNS) as biomaterials, was evaluated by the polarization test in various electrolytes: 0.9%NaCl solution (saline), phosphate buffered saline (PBS(-)), Hanks' solution (Hanks) and Eagle's minimum essential medium (E-MEM). Conventional austenitic stainless steel, 316L, was also polarized for comparison. The both alloys were spontaneously passivated in all electrolytes. The HNS didn't show pitting corrosion in the polarization range in all electrolytes although the 316L showed pitting corrosion. Passive current densities of the HNS in all electrolytes were lower than those of 316L. Therefore, the HNS shows higher passivity and resistance to pitting corrosion than 316L. The passive current density in Hanks of HNS was lower than that in saline, indicating that the protectiveness of surface oxide film increased with the existence of inorganic ions such as phosphate and calcium ions. On the other hand, the passive current density in E-MEM was higher than that in Hanks, but was lower than that in saline. Consequently, the HNS must show high corrosion resistance in vivo and be a promising biomaterials.
Introduction
Austenitic stainless steel, 316L, is used for implant materials such as artificial joint, bone plate and stent because of good combinations of strength and corrosion resistance. 316L and conventional austenitic stainless steels contains a large amount of nickel because nickel is attractive austenite stabilizing element for stainless steels. In addition, 316L have a large amount of chromium and a small amount of molybdenum to enhance the strength and corrosion resistance, and to be non-magnetic materials.
However, the safety, strength and corrosion resistance of 316L are sometimes insufficient for biomedical use. Implant devices such as bone plate and artificial hip joint made of 316L are sometimes fractured in human body with corrosion, fretting fatigue and so on. The reports of metallic allergy and toxicity caused by nickel and its salts have recently increased. [1] [2] [3] [4] [5] [6] The coronary in-stent restenosis caused by nickel ion released from 316L stent was reported. 1) Therefore, removal of nickel from stainless steel is eagerly demanded.
Nickel-free austenitic stainless steels having a large amount of chromium, manganese, nitrogen and a small amount of molybdenum, such as Fe-15Cr-(10-15)Mn4Mo-0.9N (mass%), Fe-18Cr-18Mn-2Mo-0.9N (mass%), Fe-(15-18)Cr-(10-12)Mn-(3-6)Mo-0.9N (mass%) and Fe-(19-23)Cr-(21-24)Mn-(0.5-1.5)Mo-(0.85-1.1)N (mass%) (BioDur 108), are currently developed to enhance the strength, corrosion resistance and biocompatibility of stainless steels. [7] [8] [9] [10] In those cases, nitrogen and manganese are employed instead of nickel to obtain austenitic phase, because nitrogen and manganese also stabilize austenitic phase and control mechanical properties of stainless steel as same as nickel. The strength of nickel-free austenitic stainless steels depends on nitrogen content, while corrosion resistance is strongly related to the gross amount of chromium, molybdenum and nitrogen. Ultimate tensile strength and elongation to fracture of Fe-(19-23)Cr-(21-24)Mn-(0.5-1.5)Mo-(0.85-1.1)N (mass%) are over 931 MPa and less than 49%, respectively, in annealed condition. 9) Corrosion resistance of the alloy is higher than that of nickel containing austenitic stainless steels. 9) Those results indicate that nickel-free stainless steel seems to be a mechanically and chemically biocompatible material. [7] [8] [9] [10] However, the reports of rather high toxicity of manganese and its salts have recently increased. 2, 4, 5) Thus the nickel and manganese-free stainless steel is necessary for biomedical use.
Nickel-free austenitic stainless steel without manganese, Fe-23Cr-2Mo-1.5N (HNS) (mass%), is also developed. 11, 12) The nitrogen content of the HNS is higher than that of other nickel-free austenitic stainless steels leading to the removal of manganese. Ultimate tensile strength and elongation to fracture of the HNS are over 1200 MPa and over 40%, respectively, in annealed condition. 12) In addition, corrosion resistance of the HNS in artificial seawater is higher than that of 316L. [11] [12] [13] Therefore, HNS may be a promising biomaterial because of its nickel-free and manganese-free composition and high strength and corrosion resistance. However, the corrosion resistance of HNS in biological environment has never been characterized.
In this study, anodic polarization test of HNS and 316L in various aqueous solutions was performed to evaluate the corrosion behavior of HNS as biomaterials. Effects of inorganic ions and amino acids on the corrosion behavior of HNS were also evaluated.
Experimental Methods

Specimens
A practical size ingot of HNS with a weight of 20 kg was fabricated by a nitrogen gas pressurized electro-slag remelting process 11) and was hot forged to plates with 1.5 × 10 −3 m Table 1 Chemical compositions of HNS and 316L (mass%). thickness. The HNS plates with 15 mm×15 mm×1.5 mm was employed as specimens. For comparison, a commercial 316L disk with 2.0 × 10 −2 m in diameter and 1.5 × 10 −3 m in thickness was also employed. Chemical compositions of HNS and 316L are listed in Table 1 . Microstructures of HNS and 316L were identified by X-ray diffraction analysis with Cu-Kα radiation. Specimen was metallographically polished to mirror finish and rinsed in acetone and de-ionized water. The specimen for polarization test was coated with epoxy resin except for a measurement area of 1.0 × 10 −4 m 2 and was ultrasonically rinsed in ethanol for 1.8 × 10 2 s.
Electrolyte
0.9%NaCl solution (saline), phosphate-buffered saline (PBS(-)), Hanks' solution (Hanks) and Eagle's minimum essential medium (E-MEM) were employed as electrolytes. The compositions of PBS(-), Hanks and E-MEM are summarized in Table 2 . Hanks consists with only inorganic ions whose composition is similar to that of body fluid. E-MEM consists with inorganic ions and amino acids whose composition is also similar to those of the body fluid. The electrolytes were deaerated with bubbling N 2 gas at a rate of 8.3 × 10 −7 m 3 s −1 for 3.6 × 10 3 s and were kept at 310 K.
Polarization
Three electrode type electrolytic cell with a saturated calomel electrode (SCE) as a reference electrode and a platinum plate as a counter electrode was used for the polarization test. The specimen was immersed in the electrolyte for 1.8 × 10 3 s to allow for its open-circuit potential (E open ) being stabilized. Subsequently, potential of the specimen was anodically swept from E open at a rate of 3.33 × 10 −1 mV s −1 . The sweep was stopped when the current density abruptly increased over 1.0 A m −2 . Polarization was performed at least two times under each condition. The surface of the HNS and 316L after the polarization in E-MEM was observed with optical microscope.
Results
Microstructure
X-ray diffraction profiles of the HNS and 316L are shown in Figs. 1(a) and (b) , respectively. The HNS shows diffraction peaks of only austenitic phase. On the other hand, the 316L shows large peaks of austenitic phase and small peaks of ferritic phase. Therefore, the HNS consists with only austenitic phase. On the other hand, the 316L consists with austenitic phase containing a small amount of ferritic phase.
Polarization behavior
The polarization curves of HNS and 316L in saline, PBS(-), Hanks and E-MEM are shown in Figs. 2(a)-(d) , respectively. The both alloys showed the same E open values and were spontaneously passivated in all electrolytes. The HNS showed passive current density (I ps ) up to 1000 mV and the gradual increase in current density over 1000 mV in all electrolytes. The 316L also showed I ps up to 250 mV followed by the abrupt increase in current density. The I ps values of the HNS were lower than those of the 316L in all environments although difference between HNS and 316L in saline, PBS(-) and E-MEM were small. In the case of HNS, the I ps at 500 mV in PBS(-) and Hanks were constant and slightly lower than that in saline. On the other hand, the I ps at 500 mV in E-MEM was slightly higher than those in saline, PBS(-) and Hanks. However, the current density at 0 mV in E-MEM was lower than those in saline, PBS(-) and Hanks.
Surface morphology
Optical micrographs of the HNS and 316L before and after the polarization test in E-MEM are shown in Figs. 3(a)-(d) , respectively. Only scratches by polishing were observed on the surface of HNS and 316L before polarization test (Figs.  3(a) and (c) ). After polarization, the HNS still showed only scratches ( Fig. 3(b) ). However, the 316L showed pits with a diameter of 100-300 µm and corrosion products covering the surface (Fig. 3(d) ). Similar surface morphology was respectively observed on HNS and 316L after the polarization in all solutions.
Discussion
Corrosion behavior of HNS and 316L
The HNS and 316L were spontaneously passivated in all solutions, indicating that the alloys form passive film in biological environment. Protectiveness of surface oxide film of the HNS is higher than that of the 316L because the I ps values of the HNS were lower than those of 316L in all solutions although the differences of I ps between HNS and 316L were small in saline, PBS(-) and E-MEM. Chromium concentration in surface oxide film of the HNS was higher than that of 316L after immersion in Hanks. 14) In addition, the surface oxide on the HNS contained nitrogen that is suggested to enhance the resistance to pitting corrosion. 15, 16) Therefore, the high passivity of the film of the HNS is probably caused by the high concentration of chromium and/or the existence of nitrogen in the surface oxide film. On the other hand, the difference between the HNS and 316L in I ps in E-MEM was small ( Fig. 2(d) ) probably because the chromium concentration in the surface oxide film of the HNS immersed in E-MEM containing fetal bovine serum (FBS) was as same as that of the 316L.
14) The protectiveness of the surface oxide film of the HNS in biological environment seems to depend on the chromium concentration in the surface oxide film.
316L showed pitting corrosion with the polarization over the potential where abrupt increase in current density occurred. Pitting potential (E pit ) on the polarization curves of the 316L in each electrolyte ranged from 300 to 400 mV, that was as same as values of E pit in the other report on 316L. 10) The 316L in this study contains a small amount of ferritic phase ( Fig. 1(b) ), however the influence of ferritic phase on resistance to pitting corrosion is negligible.
The HNS did not show abrupt increase in current density in the polarization range in this study (Fig. 2) and no pit was observed on the surface after the polarization (Fig. 3) , indicating that pitting corrosion hardly occurs on the HNS in vivo. The increase in current density over 1000 mV is probably caused by oxygen evolution reaction according to the pH-potential diagram. 17) Therefore, the HNS has the advantage over the 316L in high resistance to pitting corrosion in biological environments. The higher chromium concentration in HNS than that in 316L is one reason for high resistance to pitting corrosion, because resistance to pitting corrosion of stainless steel increases with the increase in chromium content. 18) Moreover, following effects of nitrogen are suggested to explain the high resistance of HNS to pitting corrosion: the nitrogen-enriched layer at oxide/metal interface may stabilize the surface oxide film against chloride ion, 16, [19] [20] [21] [22] [23] anodic dissolution inside pit maybe inhibited by neutralization of Cl − with NH + 4 at the initial stage of pitting 15) and nitrate ion possibly formed plays as an inhibitor to pitting corrosion by reacting with iron ion. 20) On the surface of the HNS immersed in Hanks, enrichment of nitrogen at oxide/metal interface was also observed by an Auger electron spectroscopy. 14) Hence, the nitrogen-enriched layer probably plays an important role in the high resistance to pitting corrosion in biological environment as well as in the sea water and so on. 16, [19] [20] [21] [22] [23] 
Effects of inorganic ions and amino acids on HNS
The current density at 0 mV, near E open , is influenced by both the protectiveness of surface oxide film and the magnitude of cathodic current density because both anodic and cathodic reactions always concurrently occur in corrosion reaction especially near E open . Thus, the decreased in current density at 0 mV is explained by the increase in the protectiveness of surface oxide film and the increase in cathodic reaction. On the other hand, the I ps at 500 mV reflected the protectiveness of surface oxide film because cathodic current density was small enough not to influence the constant anodic current density. In Hanks, the current densities at 0 mV and 500 mV decreased, indicating that the protectiveness of surface oxide film increased with the existence of inorganic ions. On the other hand, in E-MEM, the current density at 0 mV decreased while that at 500 mV increased, that is possibly explained by the increase in cathodic current density and the decrease in the protectiveness of surface oxide film by amino acids. Phosphate and calcium ions are incorporated into surface oxide film of the HNS, 14) indicating that the incorporation of those ions enhance the protectiveness of the surface oxide film. On the other hand, amino acids seem to suffer the passivity of the HNS. The effect of amino acids on the surface oxide film of HNS was suggested to be the preferential dissolution of iron because concentration ratio of iron to chromium, [Fe]/[Cr], in the surface oxide film decreased with the immersion in cell culture medium containing amino acids and proteins. 14) Therefore, the continuous preferential dissolution of iron during anodic polarization may cause the apparent decrease in protectiveness of the surface oxide film by amino acids.
Conclusions
The HNS showed lower current densities than those of the 316L in anodic polarization test in saline, PBS(-), Hanks and E-MEM. In addition, pitting corrosion did not occur on the anodic polarization curve. Therefore, the HNS has large advantages of its passivity and resistance to pitting corrosion over 316L in biological environments. The corrosion resistance of the HNS probably increase with the inorganic ions such as phosphate and calcium ions but possibly decreased by amino acids possibly causing the preferential dissolution of iron. Consequently, the HNS must be a promising biomaterial because of its nickel-free and manganese-free composition and high corrosion resistance.
